Human mononuclear leukocytes (MNL) exposed to respiratory syncytial virus (RSV) produce net IL-1 inhibitor bioactivity with the anticipated consequences of cell cycle arrest, suppressed virus-specific proliferation, and reduced expression of activation markers. These studies were undertaken to investigate effects of exposure and resultant net IL-1 inhibitor activity on the expression of the intercellular adhesion molecule-i (ICAM-1), and its ligand the lymphocyte function-associated antigen (LFA-1). MNL collected at 1, 4, and 24 h after exposure to influenza virus (which induces net IL-1 bioactivity) showed enhanced expression of ICAM-1 and LFA-1 relative to sham-exposed MNL and exhibited cell clustering. In contrast, exposure to RSV was associated with suppressed expression of both ICAM-1 and LFA-1 and with minimal detectable cell clustering throughout the culture period. Influenza virus-exposed MNL produced significantly more IL-1 and IFN-'y (which require cell-cell collaboration for optimal production) than did RSV-exposed MNL. These data raise the possibility that exposure of MNL to RSV fails to elicit or blocks the early events necessary for cellular collaboration, contributing to early suppression of the clonal expansion of RSV-specific lymphocytes. (J. Clin. Invest. 1991. 88:505-511.) Key words: immunoregulation * interferon-gamma -interleukin-1 -lymphocyte function associated antigen-i * intercellular adhesion molecule-I
1. Abbreviations used in this paper: APC, antigen presenting cells; ICAM-1, intracellular adhesion molecule-1; LFA-1, lymphocyte function-associated antigen-1; MNL, mononuclear leukocytes; MOI, multiplicity of infection; RSV, respiratory syncytial virus.
immunological responses (1) (2) (3) (4) . This interaction is thought to consist of both a specific signal, namely recognition of the MHC-antigen complex and the occupied T cell receptor (5, 6) , and nonspecific or accessory signals, such as expression of costimulatory molecules or production of IL-1 (7, 8) . The complete repertoire of accessory signals is yet to be established. Nonetheless, factors that interfere with either specific signals or accessory signals may be expected to result in an abrogated immune response (9) .
Several adhesion molecules have been identified that are thought to play a central role in the interaction ofthe APC with the T lymphocyte (10) . Intercellular adhesion molecule-1 (ICAM-1) serves as the major ligand for lymphocyte functionassociated antigen-1 (LFA-1) (1 1, 12). The expression and/or avidity ofICAM-l is augmented upon cell activation and in the presence of inflammatory cytokines, such as IL-1 and IFN--y ( 13) . In contrast, the expression ofLFA-I has not been demonstrated to be cytokine sensitive (14) . However, LFA-1 is thought to increase in expression and/or avidity for ICAM-1 upon cell activation (15) . Complete T lymphocyte activation, demonstrated by IL-2 production and DNA synthesis, has been shown to occur with simultaneous cross-linking ofLFA- 1 and CD3 (16) . Therefore, modulation ofthe expression and/or avidity of ICAM-1 and LFA-1 would affect initiation and progression of the immune response.
We have shown previously that human mononuclear leukocytes (MNL) that have been exposed to respiratory syncytial virus (RSV) produce net IL-1 inhibitor bioactivity (17, 18) . The anticipated consequences of such net IL-1 inhibition were demonstrated: namely, cell cycle arrest, suppressed proliferation, and a decrease in the expression of cell surface markers indicative of activation and/or proliferation (19) . These observations suggested that net IL-1 inhibitor activity could result in abrogation or delay of RSV-specific anamnestic immune responses by inhibiting the early clonal expansion of RSV-specific lymphocytes. The well established ability of RSV to reinfect individuals who have preexisting cellular and humoral evidence of immunity to the virus (20) (21) (22) may represent an in vivo correlate of such in vitro observations. These studies were undertaken to determine whether exposure to RSV and induction of net IL-I inhibitor activity affects the early collaborative events leading to emergence of RSVspecific MNL responses, events that include expression of ICAM-1 and/or LFA-1 and leukocyte clustering. The studies also examined production of the cytokines IL-1 and IFN-'y, which require cell-cell collaboration for optimal production (23, 24) . In all experiments, autologous MNL were sham exposed or exposed to influenza virus (which induces net IL-l bioactivity) for comparison. (17, 25) . Each virus was stored at -70'C until used. Both RSV and influenza virus pools titered 108 plaque forming units/ml using HEp-2 cells or MDCK cells in assays, respectively (25) . Previous studies showed that neither HEp-2 culture fluid nor allantoic fluid affect the proliferative response or the expression of activation markers by MNL (19) .
Peripheral blood collected from healthy adult donors was separated by Ficoll-Hypaque sedimentation (26) . In all experiments, comparisons were made between aliquots ofautologouscells examined concomitantly. Aliquots of cells were sham-exposed at 370C for 1 h in serumfree Eagle's minimum essential medium or exposed to influenza virus or RSV at a multiplicity of infection (MOI) of one (17) (18) (19) . Previous studies have shown that, at equal MOI, the percentage ofMNL infected by influenza virus or RSV is relatively similar (27, 28) (28) (Fig. 1 a) . In all experiments, the cursor for the negative population of cells was set using a mouse isotype (IgGj) control monoclonal antibody (Becton-Dickinson). Representative histograms (and cursor settings) for control MNL are shown in Fig. 1 
Results
Microscopic analysis. Cell-cell interaction is a sentinel event in the induction and progression of the immunological response.
The formation of cellular clusters was examined at 1, 4, and 24 h after human MNL were sham-exposed or exposed to influenza virus or RSV. As early as 1 h, and extending through the period of culture, MNL exposed to influenza virus showed increased cluster formation (Fig. 2) . In contrast, sham-exposed MNL or MNL exposed to RSV showed minimal clustering.
Cytokine production. Earlier studies showed that RSV-exposed MNL did not proliferate in response to the virus (17, 19) . The observation that RSV-exposed MNL showed a diminished or absent clustering pattern prompted us to investigate the production of IL-I and IFN-'y, both of which require cellular collaboration (but not cellular proliferation) for optimal expression (23, 24, 31) . Determination of IL-lI3 activity demonstrated that there was a minimal amount of IL-I produced by control cells by 24 RSV induced IL-I production by 24 h, with a small difference (P = 0.058) in the magnitude of response to the viruses. In contrast, by 3 d after exposure the quantity ofIL-I produced by influenza virus-exposed cells continued to increase (P = 0.026), while that of RSV-exposed cells decreased to a level below that of day 1. The production of IFN-y by MNL exposed to influenza virus was substantial by one day in culture (P = 0.034 and 0.046 versus control and RSV-exposed MNL, respectively) (Fig. 4) . MNL that were sham-exposed or exposed to RSV produced minimal IFN-?y. 3 d after exposure, fluids from sham-exposed cells showed little additional accumulation ofIFN-y, but IFN-"y was produced by MNL in response to RSV (P = 0.005) or influenza virus (P = 0.008). Although IFN-'y was detectable in fluids from RSV-exposed cells by three days in culture, the titers were still several-fold lower than those produced by cells exposed to influenza virus (P = 0.050).
Cell surface expression ofICAM-J and LFA-i. The above and earlier studies suggested that cell collaboration, essential for both cytokine production and lymphocyte proliferative responses, is suppressed at an early stage after exposure of MNL to RSV. Alteration of the expression and/or avidity of ICAM-1/LFA-1 by RSV-exposed MNL could be one mechanism contributing to diminished leukocyte clustering and collaboration, and expression of these molecules was examined. Cells were exposed and cultured as MNL, with separate analysis by appropriate gating ( Fig. 1 ) during flow cytometry. Analysis of MNL by fluorescence microscopy showed a rim offluorescence indicative ofcell surface staining. Profiles ofICAM-l/LFA-l expression by control MNL were similar in regard to intensity and percentage ofpositive cells to those of previous reports (30, 32, 33 ) (see Fig. 1 ), and such results were compared with profiles of virus-exposed MNL. Expression ofICAM-1 by monocytes-macrophages showed that three monocyte-macrophage populations could be identified based on fluorescence intensity. A fluorescence-negative population, a population with intermediate (dim) fluorescence intensity, and a brightly stained population of monocyte-ma- (Fig. 1 b) . An increased percentage of monocytes-macrophages exposed to influenza virus stained in the fluorescence-negative and, to a greater extent, the "bright" range for ICAM-l throughout the culture period (Table I) . Conversely, a decreased percentage stained in the "dim" range. In contrast, monocytes-macrophages that were either sham-exposed or exposed to RSV showed only minor shifts in the cell populations over the duration of culture (Table I ). The redistribution of monocytesmacrophages exposed to influenza virus from the "dim" to "bright" population was a small (absolute) percentage at 1 and 4 h relative to either sham-exposed or RSV-exposed cells, but the "bright" population increased substantially by 24 h after exposure (P = 0.018 and 0.021 compared with control or RSVexposed monocytes-macrophages, respectively). In comparison, those cells that were either sham-exposed or exposed to RSV had a smaller percentage of cells staining with a "bright" fluorescent intensity at 24 h compared with 4 h after exposure.
The assay for expression of ICAM-I on lymphocytes showed that exposed cells could be divided into a negative and positive staining population on the basis of the IgG(1) isotype control. In some experiments, a third population of cells with intermediate fluorescent intensity was detected (for example see Fig. 1 d) . However, this was an inconsistent finding, and this intermediate subset ofcells was therefore not separated for analysis. At 1 and 4 h after exposure to influenza virus, there was an absolute but small increase in the number of lymphocytes expressing ICAM-I relative to either the control or RSVexposed cells (Table II) . By 24 h, however, there was a large increase in the percentage of influenza virus-exposed lymphocytes expressing ICAM-l (P = 0.022 and 0.023 compared with control and RSV-exposed lymphocytes, respectively). In contrast, lymphocytes exposed to RSV showed a minimal increase in their expression of ICAM-I from 1 to 4 h in culture. From 4 to 24 h after exposure there was no appreciable change in the expression of ICAM-I by RSV-exposed lymphocytes. At 24 h of culture, expression of ICAM-I was slightly below that observed with sham-exposed cells.
Analysis of the monocyte-macrophage population for ex- pression of LFA-1 showed an antigenic profile similar to that seen with ICAM-1 expression by monocytes-macrophages (Fig. 1 c) . Monocytes-macrophages exposed to influenza virus demonstrated redistribution from populations of negative and "dim" fluorescence intensity to a population of "bright" fluorescence intensity (Table III) . At 4 h after exposure to influenza virus, the percentage of "dim" cells was significantly decreased compared with the control population (P = 0.014). Simultaneously the number of monocyte-macrophages with "bright" fluorescence intensity was increased compared with control (P = 0.006) and RSV-exposed cells (P = 0.035). Examination of influenza virus-exposed monocytes-macrophages after 24 h showed that redistribution of cells into the "bright" range had remained stable from 4 to 24 h ofculture (P = 0.030 and 0.035 compared with control and RSV-exposed cells, respectively). There was a concomitant decrease in the percentage of cells in the fluorescence-negative and "dim" ranges (P = 0.017 and 0.032 compared with control and RSV-exposed monocytesmacrophages, respectively) (Table III) . RSV-exposed cells did not differ from control cells in expression of LFA-1.
Staining for expression of LFA-I on lymphocytes showed a bimodal distribution (Fig. 1 e) . 1 h after exposure, there was an increase in the percentage of influenza virus-exposed lymphocytes in the "bright" population, and a concomitant decrease in the "dim" population, in comparison with control and RSV-exposed cells (Table IV) . 4 h after exposure, both the influenza virus-exposed and RSV-exposed lymphocytes showed movement ofcells from the fluorescence-negative and "bright" populations into the "dim" population. Nonetheless, influenza virus-exposed lymphocytes continued to show a relative increased number oflymphocytes in the "bright" region. Control lymphocytes showed a slight increase in the percentage ofnegative cells along with a decrease in LFA-l "bright" cells and a larger percentage of cells in the LFA-1 "dim" region with time in culture (P = 0.050 compared with influenza virus-exposed cells). After 24 h of culture, there was a redistribution of influenza virus-exposed lymphocytes from the LFA-l "dim" (P = 0.004 and 0.008 compared with control and RSV-exposed lymphocytes, respectively) to the LFA-l "bright" (P = 0.004 and 0.020 compared with control and RSV-exposed cells, respectively) range, with only a minor shift ofRSV-exposed lymphocytes.
To eliminate the possibility that increasing fluorescence intensity was due to an increase in cell size rather than increased density of expression ofthe molecules, cells were analyzed further by forward light scatter. At these early times after exposure, there were no significant differences in size between cells that were sham-exposed, exposed to influenza virus, or exposed to RSV (data not shown).
Discussion
These studies allow us to extend our understanding of the immunopathogenesis of recurrent RSV infection with several potentially important observations. (a) Suppression of ICAM-1/ LFA-1 expression by MNL was evident within 1 h after exposure to RSV (relative to MNL exposed to influenza virus in parallel experiments) and was maintained throughout the culture period; (b) ICAM-l/LFA-l expression was correlated with the extent of leukocyte cluster formation; and (c) decreased ICAM-l/LFA-l expression and cell clustering were associated with curtailed production of IL-If and IFN-'y.
The alterations in expression of ICAM-l/LFA-l by 1 h
were not large. However, they could be correlated with changes in leukocyte cluster formation (Fig. 2) . These data suggest that minor changes in the expression of ICAM-l/LFA-l are associated with physiologically relevant changes in adhesion. The kinetics and vitality of APC-lymphocyte interaction after in vitro or in vivo viral challenge are not fully understood. Generation of an immune response does appear to require antigen-independent and antigen-dependent adhesion between the APC and T lymphocyte (10 The mechanisms that contribute to the leukocyte responses described in this report are not known. Production of IL-l inhibitor by MNL and abrogation of collaborative leukocyte responses appear to be associated with exposure of MNL to infectious but not inactivated RSV (19) . MNL exposed to inactivated RSV produce net IL-l activity and proliferate, just as do MNL exposed to infectious or inactivated influenza virus (17, 19, 34) . Influenza virus infection of peripheral blood MNL appears to be abortive, with production of viral proteins but without release of free progeny virus (2, 28, 35) . The occasional detection of RSV in culture fluids has been associated with MNL subpopulations that did not produce net IL-1 inhibitor activity in our studies, and not with monocyte-macrophage or lymphocyte populations that produced the inhibitory factor, even though producer and nonproducer populations of cells were both infected as determined by synthesis and expression of RSV F and G proteins (17, 27) .
The differences between responses of MNL to influenza virus and RSV have been observed over a wide range of MOI, including MOI that would ensure that virtually all cells could be infected if susceptible. The data from immunofluorescent staining suggest that relatively similar proportions of monocyte-macrophages and lymphocytes are infected by the two viruses (27, 28; Roberts, N. J., Jr., and J. E. Nichols, unpublished data), but do not establish whether the same subsets of cells are infected. The differences in production of IL-and IL-I inhibitors, and in cell-cell collaboration, are evident as early as synthesis and expression of influenza virus proteins are detected (2) and long before synthesis and expression of RSV proteins are detected (27) . The differences in production of cytokines and cell-cell interactions persist even after RSV protein synthesis and expression are clearly detected, and after influenza virus protein synthesis is no longer detectable (2, 17, 28) . The differences in response are so rapidly apparent that they are unlikely to be due to any delayed effect of RSV on host cell functions, although such effects also could exist.
The current data raise the possibility that early and sustained suppression of ICAM-I/LFA-I expression and/or avidity by RSV-exposed MNL is a critical mechanism whereby exposure to the virus alters the kinetics, or abrogates the vigor, of an anticipated antiviral anamnestic immune response. In vitro evidence ofthe physiological consequences ofsuppressed leukocyte cluster formation may be provided by the results of IL-I#3 and IFN-'y assays in these studies, and the results of virus-specific and alternative lymphocyte proliferation assays reported earlier (17) (18) (19) .
Antigen-specific lymphocyte proliferation requires adequate antigen presentation and the presence of IL-1 (7, 36) . These studies also showed that the production of IL-I,3 by RSV-exposed MNL is relatively reduced over 3 d of culture (Fig. 3 ). In addition, as shown previously (17) (18) (19) , IL-I bioactivity was minimal or absent, reflecting concomitant (and excess) production of IL-I inhibitor (data not shown). The level of IL-I activity in fluids from RSV-exposed MNL at day three was 50% of the level present at day one, possibly reflecting the balance between production and utilization. In contrast, IL-i activity was several-fold greater at day three compared with day one for influenza virus-exposed MNL. Monocytemacrophage production of membrane-associated IL-I may require physical contact with lymphocytes as well as accessory inducing signals from lymphocytes (23, 37) . The data suggest that the early abrogation of cell-cell contact also results in diminished soluble IL-113 production. Further studies would be required to establish a role for IL-I inhibitors specifically in these events.
Production of IFN-'y by T-lymphocytes requires monocyte-macrophage and lymphocyte collaboration (38), but does not require cell proliferation (31) . IFN-'y production has been shown to augment the expression of ICAM-1 on human memory T lymphocytes in an autocrine fashion (32) . This implies that ICAM-1 expression and IFN--y production are associated with activation after rechallenge with a previously experienced antigen. In vitro exposure of MNL to influenza virus resulted in a prompt, substantial production ofIFN-y. In contrast, IFN-,y production by RSV-exposed MNL was delayed, and severalfold lower in magnitude (Fig. 4) . Nonetheless, IFN-'y production is a measure of immune recognition (24) , and its production to any extent supports the concept of preexisting RSV-specific immunity. Therefore, delayed and/or suppressed IFN-'y production may represent another in vitro correlate of an abrogated RSV-specific anamnestic response.
On the basis ofthese data and previous studies (17) (18) (19) , it is possible to speculate on the sequence of events contributing to a diminished or delayed RSV-specific anamnestic response. Exposure to RSV induces both IL-1 inhibitor activity and produces suppression of ICAM-I/LFA-I expression. The physiologic manifestation of this suppression, diminished leukocyte clustering, results in limited antigen presentation and the effective reduction or absence of costimulatory signals needed for the clonal expansion of RSV-specific lymphocytes. Inhibition of IL-l activity affecting lymphocytes results in decreased expression of interleukin-2 receptors and transferrin receptors, and a block to lymphocyte proliferation (19, 39) . Thus, these studies suggest that one possible mechanism for the very early inhibition of an RSV-specific response is suppression of ICAM-I/LFA-1 expression and cell clustering.
Such effects would explain, at least in part, the recurrence of RSV in individuals who should be immune. Exposure to RSV results in the abrogation ofboth proliferative and nonproliferative RSV-specific responses by human MNL that involve collaboration and would be critical for the induction of anamnestic defenses. The repeated challenge does not result in an expected limitation of virus replication, to levels less than would produce clinical illness, early after recurrent challenge. Such observations may also be relevant to the difficult and elusive goal ofdeveloping effective RSV-specific vaccines. That is, the events ofsubsequent natural challenge may be a formidable barrier for candidate vaccines that would rely heavily on MNL recruitment to respiratory defenses.
